Introduction
Obesity is a worldwide increasing condition and a major risk factor for the development of several diseases like diabetes mellitus type 2 and the metabolic syndrome. To understand the mechanisms underlying excess food intake and to investigate the regulation of feeding behavior is therefore of great importance.
Taste and smell and their hedonic evaluation are important in the regulation of food intake. Patients with olfactory loss change their eating behaviors, underlining the importance of olfaction. 1 Interestingly, many studies did show an extensive change of olfactory sensitivity after food intake, implicating that hunger and satiety itself influences olfactory thresholds. Results are discrepant; however, most of the studies point toward a higher olfactory sensitivity before food intake. [2] [3] [4] [5] There is a wide range of physiological responses to hunger and satiety. Endocrine signals reflecting the energy status include hormones such as ghrelin, adiponectin, leptin and insulin. Receptors for several of these hormones were found in different areas of the brainFincluding the olfactory system. 6, 7 We recently showed that genetic variations of Kv1.3Fa channel concentrated in the olfactory bulb and a downstream molecule of insulin signalingFaffect olfactory function in humans, at least in males. 8 Thus, one might speculate that insulin itself is involved in the regulation of olfactory sensitivity before and after food intake.
To test this hypothesis, we used the hyperinsulinemiceuglycemic clamp technique and assessed olfactory thresholds without and during hyperinsulinemia.
Research design and methods

Participants
Odor thresholds were measured in 14 healthy subjects. Eight underwent a hyperinsulinemic-euglycemic clamp (age: 34 ± 7 years, M/F: 5/3, BMI: 25 ± 2.8 kg m À2 ); among the eight subjects of the control group without insulin treatment, two had also participated during clamp (age: 36±6 years, M/F: 5/3, BMI: 23.5±3.7 kg m À2 ). Informed written consent was obtained from all participants. The local ethics committee approved the protocols.
Olfactory testing
All participants had fasted for at least 10 h before testing. Olfactory thresholds were assessed using a 1:2 dilution series, with 16 stages beginning with 4% (v/v) of n-butanol (Burghart Medical Technics, Weden, Germany) as described by Hummel and colleagues. 9 Briefly, a triple-forced-choice paradigm was used, starting with triplets of lowest concentration. A so-called 'single-staircase method' was performed until seven 'reversal points' had been accomplished. Odor thresholds were calculated by the mean of the last four 'reversal points'.
Hyperinsulinemic-euglycemic clamp
The hyperinsulinemic-euglycemic clamp was performed as described previously. 10 Insulin glulisine (Apidra, Sanofi- 
Results
The participants of the hyperinsulinemic clamp and the control group did not significantly differ in age, BMI and female/male ratio (all P40.3). Neither basal insulin levels (49 ± 32 vs 40 ± 20 pmol l À1 , P ¼ 0.53) nor basal glucose levels did differ (49±32 vs 40±20 pmol l À1 , P ¼ 0.31) between the clamp and the control group. Odor thresholds were assessed at two time points for each subject: before hyperinsulinemiceuglycemic clamp at 0800 hours and during hyperinsulinemia after 100 min of clamp. In the control group, measurements took place at the same time points. Glucose and insulin levels during clamp are shown in Figure 1b . There were significant differences in odor thresholds between the hyperinsulinemic-euglycemic clamp and the control group (P ¼ 0.0133, ANOVA). Odor thresholds were 7.8±1.2 at baseline and 6.2±1.1 during hyperinsulinemia (P ¼ 0.0173) (Figure 1a ). Thus, a lower dilution was required to recognize the odor, representing an increase in odor threshold.
In the control group, odor thresholds were 8.3±1.6 and did not change after 100 min of fasting (8.9 ± 2.2, P ¼ 0.6) (Figure 1a) .
The odor threshold of the baseline measurement did not differ between the control and treatment group (P ¼ 0.44) (Figure 1a) , whereas the odor thresholds after 100 min did significantly differ between groups (P ¼ 0.00834).
Conclusions
In our study, we investigated whether insulin as an important endocrine signal of energy status directly alters olfaction. Diabetes 11 and increased glucose 8 are known to impair olfactory function. In order to examine the effects of insulin only without changing other potential factors (for example, glucose), we used the hyperinsulinemiceuglycemic clamp technique. Elevated insulin levels in the same physiological range as might occur after food intake increase odor thresholds in healthy humans. Studies in animals showed the effects of endocrine signals like leptin, orexin and insulin on olfaction. 12, 13 Orexogenic hormones tended to increase and anorexogenic hormones tended to decrease olfactory sensitivity, modulating olfactory performance in a similar way as fasting and satiation. 12 Insulin, when administered intranasally to mice, leads to greater difficulty in discriminating two odors, 14 but there was a trend toward decreased odor threshold. However, intranasal insulin was administered over several days before testing odor thresholds, therefore rather reflecting chronic hyperinsulinemia in the brain than an acute response to food intake. Interestingly, chronically administered intranasal insulin in healthy humans leads to reduced body weight, most likely by decreasing hunger. 15 Whether altered olfaction contributed to a relative loss of appetite was not tested; mechanisms behind the weight loss are not fully understood. In both morbidly obese and anorexic patients, olfactory function was found to be impaired. 16, 17 Thus, an impaired olfaction by chronic metabolic and/or psychological changes could prevent the modulation of olfaction by hunger and satiety. Clearly, the modulation of olfaction by insulin in healthy subjects is only part of the complexity of feeding behaviour. Nevertheless, understanding the different mechanisms involved in this process is of great importance. The limitation of our study is the relatively small number of subjects. Studies with more subjects including a wider range of BMI and age are needed to verify our findings. Furthermore, olfactory thresholds are ideally assessed without distractions. For painless blood taking during clamp (necessary every 5 min), an intravenous line was used; however, a certain distraction cannot be excluded and might have influenced the measurements of the treatment group.
In conclusion, elevated insulin levels as physiologically seen after food intake do influence olfactory function.
Insulin influences olfactory threshold C Ketterer et al
Insulin decreases smelling capacity in healthy humans and might thus reduce the pleasantness of eating. This influence on olfaction might at least contribute to the role of insulin in the process of satiation and therefore be of interest in the pathogenesis of obesity. Insulin influences olfactory threshold C Ketterer et al
